Recent studies indicate that the inflammasome activation plays important roles in pathogenesis of alcoholic hepatitis (AH). Nod-like receptor protein 3 (NLRP3) is a key component of the macromolecular complex so called the inflammasome that trigger caspase 1-dependent maturation of the precursors of IL-1β and IL-18 cytokines. It is also known that the adaptor proteins including apoptosis-associated speck-like protein containing CARD (ASC) and the mitochondrial antiviral signaling protein (MAVS) are necessary for NLRP3-dependent inflammasome function. Steatohepatitis frequently includes Mallory-Denk body (MDB) formation. In the case of alcoholic steatohepatitis, MDB formation occurs in 80% of biopsies . While previous studies have focused on in vitro cell lines and mouse models, we are the first group to investigate inflammasome activation in AH liver biopsy specimen and correlate it with MDB formation. Expression of NOD1, NLRP3, ASC, NAIP, MAVS, Caspase 1, IL-1β, IL-18, and other inflammatory components including IL-6, IL-10, TNF-α, IFN-γ, STAT3, p65 was measured in three to eight formalin-fixed paraffin-embedded AH specimens and control normal liver specimens by immunofluorescence staining and quantified by immunofluorescence intensity. The specimens were double stained with ubiquitin to demonstrate the relationship between inflammasome activation and MDB formation. MAVS, caspase1, IL-18, TNF-α showed increases in expression in AH compared to the controls (p<0.05), and NAIP expression markedly increased in AH compared to the controls (p<0.01). There was a trend that levels of NLRP3, ASC, caspase1, IL-18, IL-10, and p65 expression correlated with the number of MDBs found in the same field of measurement (correlation coefficients were between 0.62 to 0.93, p<0.05). Our results demonstrate the activation of the inflammasome in AH and suggest that MDB could be an indicator of the extent of inflammasome activation.
Introduction
Mallory-Denk Bodies (MDBs), which are an intracellular deposition of misfolded protein in ballooned hepatocytes, consist of abnormally phosphorylated, ubiquitylated, and crosslinked keratins or non-keratin K18 and 8, and p62 components (Zatloukal, French et al. 2007; Caldwell, Ikura et al. 2010; Basaranoglu, Turhan et al. 2011; Haybaeck, Stumptner et al. 2012) . Ballooning of hepatocytes is induced by oxidative stress, and both ballooning of hepatocytes and MDBs are two characteristics of ongoing inflammation (Basaranoglu, Turhan et al. 2011) . MDBs are prevalent in various hepatic diseases including the hepatitis B and C viral infection, alcoholic hepatitis (AH), non-alcoholic steatohepatitis, drug injuries and hepatocellular carcinoma (Zatloukal, French et al. 2007; Basaranoglu, Turhan et al. 2011) . Although three new mechanisms of MDB formation have been indentified (French, Bardag-Gorce et al. 2010) , the molecular mechanism involved in the formation of MDB aggresomes is still not fully understood. Most recently, MDB formation has been shown to occur as the result of the accumulation of undigested protein due to failure of protein quality control mechanisms by the liver cells (Liu, Li et al. 2014 ).
Inflammasomes are intracellular macromolecular complexes that sense danger signals including infection and metabolic dysregulation, via NOD-like receptors (Martinon, Burns et al. 2002) . Among NLRs, NLRP3 is proved to be the major immune sensor to initiate subsequent responses (Kauppinen, Niskanen et al. 2012) , the so called NLRP3 inflammasome. Upon activation, NLRP3, in the presence of adapter proteins, such as the apoptosis-associated speck like CARD-domain containing protein (ASC), forms a complex with the effector molecule, pro-caspase-1, which leads to auto-activation of the inactive procaspase-1 to form the active caspase-1 (Agostini, Martinon et al. 2004 ). Caspase-1 subsequently cleaves pro-IL-1β and pro-IL-18 into their mature forms (Cerretti, Kozlosky et al. 1992) . IL-1β, a pro-inflammatory cytokine, plays a central role in the inflammation responses. IL-18 activates natural killer cells to produce IFN-γ (Kalina, Kauschat et al. 2000) . IL-1β and IL-18 are responsible for the induction of pyroptosis, a pro-inflammatory form of cell death (Lage, Longo et al. 2014 ).
The cellular localization of inflammasome formation remains controversial (Subramanian, Natarajan et al. 2013) . Earlier studies believed that the assembly of the inflammasome occurs in the cytosol since NLRP3 and ASC are cytosolic proteins. A new adaptor protein, mitochondrial antiviral signaling protein (MAVS) has recently been demonstrated in an in vitro study to recruit the inflammasome complex to mitochondrial membrane to further optimize NLRP3 inflammasome activation in generating bioactive IL-1β and IL-18 (Subramanian, Natarajan et al. 2013 ). This new finding demonstrated a role for mitochondria as platforms integrating multiple innate signaling pathways.
Inflammasomes have been proposed to be triggered in different liver diseases, including drug-induced liver injury, ischemia-reperfusion, endotoxin-induced liver injury and cholestasis, alcoholic and non-alcoholic steatohepatitis, HBV and HCV viral hepatitis, liver fibrosis, autoimmune hepatitis, and so on (Szabo and Csak 2012) . To date, all studies about inflammasome activation in AH have been only performed in vitro and in alcohol induced animal models (Szabo and Csak 2012) , but not in humans. Inflammasome components including NLRP3, ASC, pro-caspase-1 and mature IL-1β were shown to be upregulated in the liver (Petrasek, Bala et al. 2012) , suggesting that inflammasome activation is a component of the liver pathophysiology in AH. To our knowledge, we are the first group to demonstrate inflammasome activation using formalin-fixed paraffin-embedded (FFPE) AH specimens, and investigate its relationship with MDB formation. The current study further deepened our knowledge about mechanisms of MDB formation.
Materials and Methods

Clinical specimens
Human archived FFPE liver biopsies from patients who had AH were obtained from Harbor UCLA hospital archives. In all the cases, MDBs were present per IHC assay in various abundance except in the normal control livers. From three to eight AH specimens and at least three control normal liver specimens were used in this study.
Immunohistochemical staining
FFPE liver biopsy tissue slides were double stained for ubiquitin (Millipore, Temecula, CA) and the second protein as listed in Table 1 . Ubiquitin was detected using the second antibody donkey anti-mouse Alexa Fluor 594 (Jackson Labs, West Grove, PA), while the other protein was detected using the second antibody donkey anti-rabbit Alexa Fluor 488 or donkey anti-mouse Alexa Fluor 488 (Jackson Labs, West Grove, PA). All slides were stained with the nuclear stain DAPI (Molecular Probes, Eugene, OR). The fluorescence intensity of staining of the protein of interest was measured quantitatively using 40x objective magnification and a standard exposure time of 800 ms using a Nikon 400 fluorescent microscope with three filters (FITC-green, Texas-red, and tricolor), and the Nikon morphometric system. The results were displayed as a graph attached to the immunofluorescent photography using a screen snip. The staining was compared among MDB forming AH hepatocytes, neighboring non-MDB forming AH hepatocytes, and control normal hepatocytes.
Statistical analysis
All data were presented as the mean ± S.D.. Statistical differences were calculated, and unpaired, two-tailed student's t-test was used to compare two groups' variance. Correlation coefficient (r) was calculated between the fluorescent intensity and the abundance of MDB. In general, a p value less than 0.05 denoted statistical significance.
Results
Selective inflammasome components were upregulated in AH livers
To date, no studies have been done in human liver specimen to prove that inflammasome is indeed triggered in liver pathogenesis. To particularly investigate if inflammasome activation occurs in AH in vivo and its association with MDB formation, we stained FFPE biopsy specimens with wide spectrum of inflammasome components, including NLRP3, NOD1, NAIP, MAVS, ASC, caspase-1, IL-1β, IL-18, and co-stained with ubiquitin to identify MDBs. The staining is quantified and compared between AH and control livers by immunefluorescence intensity. The intensity measurements and photographs were always taken using the same exposure setting and the same magnification so as to compare the fluorescence intensity of different specimens. MDBs were identified in three high power fields in each AH specimen, and counted as average number per high power field for each specimen. Fluorescence intensity of MDB forming cells of each AH specimen was recorded by averaging measurements in all three high power fields. Fluorescence intensity of neighboring non-MDB forming cells of each AH specimen was recorded by averaging at least 30 measurements in the same three high power fields as above. Fluorescence intensity of each control liver was counted in the same way except that no MDB forming cells were present. The statistic analysis was done based on measurements of three to eight AH livers and three control livers. Figure 1A shows representative pictures of NLRP3 staining in two AH livers and two control livers. Red fluorescence-labeled MDB (the second column) was demonstrated as a protein aggregation in the cytoplasm, which was present in AH livers but not in control livers. Green fluorescence-labeled NLRP3 (the first column) was demonstrated as a cytoplasmic staining in controls and AH livers, and appeared to co-localize with MDBs, shown in a yellow color with the Tri-Color filter (the third column). The fourth column demonstrated the fluorescence intensity measurement of NLRP3 staining in MDB forming AH cells, in the neighboring non-MDB forming AH cells and in control liver cells. The cells of interest were traced by the yellow line, and fluorescence intensity of the particular spot was measured and recorded. As summarized in figure 1B , comparing with controls, we did not observe statistically significant upregulation of NLRP3 in AH livers. The presence of MDBs did not change levels of NLRP3 expression significantly, although it might alter the cellular distribution of the protein.
In addition to NLRP3 inflammasome, there are NLRP1, NLRC4, and AIM2 inflammasomes which are the four main prototypes of inflammsomes that have been characterized to date (Szabo and Csak 2012) . Four inflammsome systems sense different stimulators, but all react through the caspase-1 and the downstream pathway. Neuronal apoptosis inhibitory protein (NAIP) is another NOD like receptor that promotes the assembly and activation of NLRC4 inflammasome. We were therefore interested in studying its expression in AH livers. As shown in Figure 2A and summarized in Figure 2B , NAIP was indeed statistically significantly upregulated in AH livers compared to control livers (p<0.01), but its expression was not exclusively co-localized in cells where MDBs formed. Murine NAIPs were reported to interact with the bacterial flagellin or type III secretion system (T3SS) rod components (Vinzing, Eitel et al. 2008; Miao, Mao et al. 2010) , and human NAIP was shown to recognize the T3SS needle subunit (Zhao, Yang et al. 2011 ). How NAIP is activated in AH livers remains to be determined.
NOD1 and NOD2 proteins are other well characterized NLRs that function as intracellular receptors and induce inflammatory responses through the adapter protein, Rip2 (Travassos, Carneiro et al. 2010) . NOD1 was shown to involve sensing of Chlamydia trachomatis (Kavathas, Boeras et al. 2013) . We investigated NOD1 expression in AH specimens. As shown in Figure 3A and summarized in figure 3B , we did not observe statistically significant upregulation of NOD1 in AH livers comparing to controls. However, there was a trend that NOD1 was recruited to and co-localized with MDBs, so its staining in MDB forming cells was stronger than the neighboring non-MDB forming cells in AH livers (p<0.05). This patchy staining pattern was different from that in control livers which was diffuse and uniform. If NOD1 involving inflammasome activation remains to be determined.
ASC and MAVS are both considered as adaptor proteins for inflammasome activation. MAVS is particular interesting, since in vitro study suggested that it was involved in recruitment of inflammasome to mitochondria (Subramanian, Natarajan et al. 2013) , which has never been proved in vivo to date. We first demonstrated colocalization of MAVS with mitochondria in human liver biopsies by co-staining MAVS and mitochondria and viewing with a tri-color filter (Figure 4) . The yellow color indicated that indeed MAVS is associated with mitochondria in liver biopsy specimens. Furthermore, we did not observe a difference in ASC expression between control livers and AH livers (data not shown). Interestingly, as shown in Figure 5A and summarized in Figure 5B , we observed statistically significant upregulation of MAVS in AH livers comparing to control livers (p<0.05), and MAVS expression was not co-localized with MDBs. The separate localization of MAVS (mitochondria associated) and MDB (proteasome associated) was as expected, and proved the specificity of the staining.
To further prove inflammasome activation in AH livers, we compared caspase-1 expression between AH livers and control livers. As shown in Figure 6A and summarized in figure 6B, caspase-1 was indeed upregulated in AH livers (p<0.05). The MDB forming cells did not show difference from non-MDB forming cells in expression levels of caspase-1. Moreover, the caspase-1 and the MDBs were not co-localized, as expected.
IL-1β and IL-18 are two downstream cytokines activated upon inflammasome activation. We did not observe statistically significant upregulation of IL-1β in AH livers comparing to control livers (data not shown), but we did observe an upregulation of IL-18 in AH livers (Figure7A and 7B) , particularly in MDB forming cells comparing to controls (p<0.05), probably due to less variation of IL-18 expression levels in MDB forming cells than that in non-MDB forming cells. This suggests that MDBs are associated with degree of inflammation.
Other inflammatory cytokines were also upregulated in AH livers
We previously demonstrated that both the proinflammatory pathways and growth pathways are activated as a consequence of Toll-like receptor (TLR) signaling, which induce MDB formation (French, Bardag-Gorce et al. 2010) . Moreover, TLR signaling is enhanced by TNF-α and IFN-γ generated by NFκB activation (French, Bardag-Gorce et al. 2010) . We therefore used the same method to investigate expression of related inflammatory cytokines and transcription factors involving inflammation including IFN-γ, TNF-α, IL-10, IL-6, STAT3, and p65 in AH livers. Among them, TNF-α showed an upregulation in MDB forming liver cells compared to control liver cells (p=0.05) ( Figure 8A and Figure 8B ), and MDB forming cells tended to have higher levels of TNF-α expression than non-MDB forming cells. Both TNF-α and MDBs appeared to co-localize at the rim of the MDBs. This again suggested that MDB forming hepatocytes are associated with more severe inflammation. We did not detect significant upregulation of other cytokines, likely due to variable disease severity and variable MDB abundance among specimens, as discussed below.
MDBs are indicators of the extent of inflammasome activation
MDB formation is a focal pathological changes in AH livers, and the abundance, the size, and localization of MDBs varied among the FFPE specimens. We hypothesized that MDBs may be associated with different degrees of disease severity, which leads to a wide variation of expression levels of proteins studied and explains statistical insignificance in some staining intensities mentioned above. The average number of MDBs per high power field for each specimen was correlated to the average fluorescence intensity measurement in the same fields for each protein stained. As shown in Table 2 , NLRP3, ASC, Caspase-1, IL-18, IL-10, and p65 expression levels were correlated with the abundance of MDBs (correlation coefficients were between 0.62 to 0.93, p<0.05), suggesting that amount of MDB formation is an indicator of the severity of inflammasome activation.
Discussion
Emerging evidence has shown that cytosolic NLRs are associated with human diseases including infections, cancer, aging, autoimmune, and inflammatory disorders. Therefore, they are being considered as master regulators of inflammation and cancer (Saxena and Yeretssian 2014) . Upon activation, some NLRs form inflammasomes, while others coordinate caspase-independent NF-κB and mitogen activated protein kinase (MAPK) signaling (Saxena and Yeretssian 2014) . Moreover, NLRs and their downstream signaling components engage in an intricate crosstalk with cell death and autophagy pathways. Therefore, aberrant NLR signaling which leads to chronic inflammation plays a central role in aging and carcinogenesis (Saxena and Yeretssian 2014) .
Animal studies done in IL-1 receptor antagonist treated mice and caspase-1 or ASC or type I IL-1 receptor (IL-1R1) deficient mice (Petrasek, Bala et al. 2012 ) demonstrated the upregulation of proinflammatory cytokines, including IL-1β, a downstream cytokine of NLR signaling, is a crucial mechanism of hepatopathogenesis of alcoholic liver disease. Their findings also suggested a potential role of IL-1R1 inhibition in the treatment of AH (Petrasek, Bala et al. 2012) . The pathogenic role of IL-1β was attributed to the activation of the inflammasome and TLR4-dependent inflammatory signaling only in liver immune cells but not in primary hepatocytes (Csak, Ganz et al. 2011; Petrasek, Bala et al. 2012 ).
Increased serum levels of IL-1β were observed in patients with ASH (Tilg, Wilmer et al. 1992) . However, there is no direct data proving the inflammasome activation in liver specimens from patients with ASH to date.
In the current study, we observed that the inflammasomes were activated in AH, as demonstrated by increased expression of the inflammasome components including NAIP (Fig. 2) , MAVS (Fig. 5) , caspase-1 (Fig. 6) , and IL-18 (Fig. 7) in the FFPE liver biopsies. The immunofluorescence intensity was measured in primary hepatocytes, which may explain why we did not observe upregulation of IL-1β in the specimens. The results indicate that parenchyma cells such as primary hepatocytes do mount inflammatory responses to pathogens by recruitment of mitochondria and activation of the inflammasome complex. Interestingly, we did not observe NRLP3 upregulation (Fig.1) but rather NAIP was upregulated. They are associated with two different inflammasomes. Novel roles have been described for NAIP/NLRC4 inflammasomes, such as phagosomal maturation, activation of inducible nitric oxide synthase, regulation of autophagy, secretion of inflammatory mediators, antibody production, activation of T cells, and others (Lage, Longo et al. 2014) . How alcohol consumption connects to NAIP/NLRC4 activation remains to be determined.
Conclusion
We were the first group to report that MDB formation occurs in 80% of AH liver biopsy specimens . Several mechanisms have been proposed in the pathogenesis of MDBs (French, Bardag-Gorce et al. 2010) . We recently demonstrated that up regulation of the MyD88-dependent TLR4/NFκB pathway in AH where MDBs formed (Liu, Li et al. 2014 ) using FFPE liver biopsy specimens. As shown in Table 2 , expression levels of selective inflammasome components such as NLRP3, ASC, caspase-1, IL-18 correlated with the abundance of MDB present in the specimens with statistically significant correlation coefficients. The results deepen our knowledge about the mechanism of MDB formation and suggest that MDB could be an indicator of the extent of inflammasome activation in AH hepatocytes.
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Figure 1. NLRP3 was co-localized with MDBs in AH livers
A. Immunohistochemical analysis of liver biopsies obtained from two representative patients with alcoholic hepatitis and two representative control patients. The specimens were stained for the presence of NLRP3 (green, the first column) and ubiquitin (red, the second column). The arrows point to the MDBs. Note that the MDBs stain both red for ubiquitin and green for NLRP3, shown as yellow color with a tri-color filter (the third column). The round black holes are macrovesicular fat globules in the hepatocytes. The fourth column demonstrated the fluorescence intensity measurement of NLRP3 stain. Screen snips were obtained from the morphometric screen to visualize and compare the intensity of staining in MDB forming hepatocytes, neighboring non-MDB forming cells, and control cells. The fluorescence intensity was traced along the yellow line in the top picture and shown as a green tracer in the bottom picture. B) Fluorescent intensity bar graph of MDB forming hepatocytes, non-MDB forming hepatocytes, and control cells from three AH specimens and three control specimens. The results were shown as Mean ±S.D.
Figure 2. NAIP was up-regulated in AH livers
A. Immunohistochemical analysis of liver biopsies obtained from two representative patients with alcoholic hepatitis and two representative control patients. The specimens were stained for the presence of NAIP (green, the first column) and ubiquitin (red, the second column). There was no co-localization seen with the tri-color filter (the third column). The fourth column demonstrated the fluorescence intensity measurement of NAIP stain. Screen snips were obtained from the morphometric screen to visualize and compare the intensity of staining in MDB forming hepatocytes, neighboring non-MDB forming cells, and control cells. The fluorescence intensity was traced along the yellow line in the top picture and shown as a green tracer in the bottom picture. B) Fluorescent intensity bar graph of MDB forming hepatocytes, non-MDB forming hepatocytes, and control cells from three AH specimens and three control specimens. The results were shown as Mean ±S.D.. The comparisons showing statistical significance (p<0.01) were indicated. A. Immunohistochemical analysis of liver biopsies obtained from two representative patients with alcoholic hepatitis and two representative control patients. The specimens were stained for the presence of TNF-α (green, the first column) and ubiquitin (red, the second column). Note that the MDBs stain both red for ubiquitin and green for TNF-α, shown as yellow color with a tri-color filter (the third column). This indicates that TNF-α protein is present within the aggresome (MDB). The fourth column demonstrated the fluorescence intensity measurement of TNF-α stain. Screen snips were obtained from the morphometric screen to visualize and compare the intensity of staining in MDB forming hepatocytes, neighboring non-MDB forming cells, and control cells. The fluorescence intensity was traced along the yellow line in the top picture and shown as a green tracer in the bottom picture. B) Fluorescent intensity bar graph of MDB forming hepatocytes, non-MDB forming 
